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ABSTRACT 

We report on follow-up observations of 20 short-duration gamma- ray bursts (GRBs; Tgo < 2 s) performed in g'r'i'z'JHK s with the 
seven-channel imager GROND between mid-2007 and the end of 2010. This is one of the most comprehensive data sets on GRB 
afterglow observations of short bursts published so far. In three cases GROND was on target within less than 10 min after the trigger, 
leading to the discovery of the afterglow of GRB 08 1226 A and its faint underlying host galaxy. In addition, GROND was able to 
image the optical afterglow and follow the light-curve evolution in further five cases, GRBs 090305, 090426, 090510, 090927, and 
1001 17A. In all other cases optical/NIR upper limits can be provided on the afterglow magnitudes. After shifting all light curves 
to a common redshift we find that the optical luminosities of the six events with light curves group into two subsamples. GRBs 
090426 and 090927 are situated in the regime occupied by long-duration events (collapsars), while the other four bursts occupy the 
parameter space typical for merger events, confirming that the short-burst population is contaminated by collapsar events. Three of the 
aforementioned six bursts with optical light curves show a break. In addition to GRBs 090426 and 090510 (paper I, II), also for GRB 
090305 a break is discovered in the optical bands at 6.5 ks after the trigger. For GRB 090927 no break is seen in the optical/X-ray 
light curve until about 150 ks/600 ks after the burst. The GROND multi-color data support the view that this burst is related to a 
collapsar event. For GRB 1001 17A a decay slope of its optical afterglow could be measured. For all six GRBs at least a lower limit 
on the corresponding jet opening angle can be set. Using these data, supplemented by a about 10 events taken from the literature, we 
compare the jet half-opening angles of long and short bursts. We find tentative evidence that short bursts have wider opening angles 
than long bursts. However, the statistics is still very poor. 

Key words. Gamma rays: bursts 

1 . Introduction magnetized neutron stars (e.g.. lUsovlll992l:lMazzali et al.ll2006l) . 

Short bursts are instead commo nly attributed to the merger o f 
g ; Gamma-Ray Bursts (GRBs) show a bimodality in their duration compact stellar ob j ects (e-g-> |p acZ vriskil [[986; Nakar 2007). 
distribution, separated in the CGRO/BATSE data at T w = 2 s, xhe physical association of long bursts with the collapse 
with the peak of the short-burst population at Tqq -0.5 s and f massive stars has been well established fe.g."lZehetai] 
the long-burst population at -30 s (jKouveliotou et alj [1223 Boofl iHiorth eTall l200l iPian et all 5005 iFerrero et aDT 2006: 
ISakamotoet al.||201l|). Historically, bursts are still devided into Woo slev & BloomhoOfjlFruchter et al.ll2006l) . However, the ob- 
long and short based on the BATSE scheme, even though the ser vational situation with short bursts is less clear, 
shape of the bimodal distribution is energy-dependent, in partic- Untn 2005 nQ aft low of a short burst had ever been de _ 
ular peaking for Swift/BAT at T 9Q ~ 0.5 s and ~ 70 s, respec- while for ±e long burst sample at ^ time many im _ 
lively d Sakamoto et al. || 201 portant discoveries had already been made (redshifts, supernova 
According to the current picture, long bursts origi- light, collimated explosions, circumburst wind profiles). The 
nate from the collapse of massive stars into black holes first w ell-localized short burst (GRB 050509B; lGehrels etalj 
dMacFadyen & Woosley|199J) or into rapidly spinning, strongly [2005]) was seen close in projection to a ma ssive early-type 

galaxy (IHiorth et al.l I20051 iBloom et alJ I20 06). supporting the 

Send offprint requests to: A. Nicuesa Guelbenzu, ana@tls- model that compact stellar mergers are the progenitors of short- 

tautenburg.de duration gamma-ray bursts. However, since then the observa- 
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tional progress has been rather mo dest when compared to the 
long- burst population (for a review iGehrels et al. 20091 iBergeri 
12011 . 

There are mainly two reasons for this situation. Firstly, 
compared to long bursts there is a substantially smaller detec- 
tion rate of short bursts. Secondly, short-burst afterglows are 
rarely brighter than R - 20 even minutes after a trigger (e.g., 
iKann et afll20 1 Ol |20 1 ll) . This general faintness makes their dis- 
covery and detailed follow-up very challenging. However, only 
the precise detection of the afterglow, with sub-arcsec accuracy, 
enables a secure determination of a putative GRB host galaxy 
and its redshift, while the X-ray plus optical light curves pro- 
vide information about the processes that take place after the 
explosion, clues about the physics of the central engine, and the 
properties of the environment of the progenitor. Rapid follow-up 
observations of these events are therefore very important to gain 
as much observational data as possible. 

Since there is a substantial overlap between the long and the 
short-burst duration distribution, the simple devision between 
long and short is only a first guess about the true origin of a burst 
under consideration. Several other phenomenological properties 
of the bursts and their afterglows have to be considered in order 
to reveal the natur e of their progenitors (Zhang et al.l2007l 12009: 
IKann et al]|201 If) . Thereby, of special interest are the circum- 
burst density profiles, the afterglow luminosities, and the outflow 
characteristics that might be shaped by or related to the physical 
properties of the GRB progenitors. 

Theoretical studies suggest that long GRBs are followed by 
more luminous afterglows than short bursts, mainly due to the 
expected dif ference in the cir cumburst density around the GRB 
progenitors dPanaitescu et al.ll2.00ll) . Also the circumburst den- 
sity profile is an in dicator on the nature of the explosion (e.g., 
Schu lze et al. l l20TTh . In addition, the distribution function of the 
jet-opening angles of long and short bursts should be different 
from each other since an extende d massive envelope collimates 
the escaping relativistic outflow (Zhang et al. 2004), while the 
lack of such a medium in the c ase of merger events might allow 
for w ider jet-opening angles (lAlov et al.l 120051; iRezzolla et al.l 
1201 lh . Any short-burst afterglow that adds information here is 
naturally of great interest. 

Here we report on the results of the first 3.5 years of 
follow-up observations of short-duration GRBs using the op- 
tical/N IR seven-channel imager GROND dGreiner et all 12007, 
2008) mounted at the 2.2-m ESO/MPG telescope on La Silla 
(Chile). GROND is in continuous operation since mid-2007. 
Since then it observes every burst with a declination < +35°, 
providing a complete sample of events observed with the same 
instrument at the same telescope. The capability of GROND to 
observe in seven bands simultaneously, from g' to K s , does not 
only provide the opportunity to follow the color evolution of an 
afterglow but also allows for a stacking of all bands; in particular 
a white-light image in g'r'i'z' reaches a fainter detection thresh- 
old. In addition, GROND 's routine operation in Rapid Response 
Mode in principle allows us to start observations within minutes 
after a trigger, catching also afterglows even if they are fading 
rapidly. 

In this work, we summarize the detections and upper limits 
for 20 short burst afterglo ws in g'r'i'z' JHK S . First r e sults have 



already been published in Nicuesa Guelbenzu et al. (2011 



the following paper I) and iNicuesa Guelbenzu et al.l (2012, 



in 
in 



band. If possible, based on our optical data, we derive the spec- 
tral energy distribution (SED) of the afterglows and give an esti- 
mate of the corresponding jet half-opening angles. 

Throughout the paper, we adopt a concordance ACDM cos- 
mology (S1 M = 0-27, Q A = 0.73, H = 71 km/s/Mpc; 
Sner gel et al.l l2003). and the convention that the flux density is 
described as F v (t) oc r a v^. In cases where no redshift is known 
for a burst, we adopt a redshift of z=0.5, as it is justified based 
on the redshift d istribution of short bur sts detected by Swift by 
the end of 2010 dLeibler & Bergerll2010l their table 1). 



2. Target selection, observations, and data 
reduction 

Between July 2007 and December 2010 altogether 394 GRBs 
were localized at the arcmin or (mostly) arcsec scaled Among 
them 220 events were followed up with GROND. For the present 
study, from this data base we have selected all those bursts with 
a duration of Tgo < 2 s (within 1 <x) and an error circle smaller 
than 3 arcmin in radius (TableQ}, giving us 20 targets. 

All optical/NIR data were analysed through standard PSF 
photometry using DAOPHOT and ALLSTAR tasks of IRAF 
dTbdvl[T9 93), in a s imila r way to the procedure de scribed in 
iKriihleretalJ d2008h and iKiipcii Yoldas etaD d2Q0^) . PSF fit- 
ting was used to measure the magnitudes of an optical transient. 
For completeness, publicly available archives were also checked 
(VLT/FORS and Gemini/GMOS). 

The optical data were calibrated against the Sloan Digital 
Sky Survey (SDSS DR7; lAbazaiian etall 120091) . if available. 
Otherwise a standard star field was observed under photometric 
conditions. For the NIR bands, photometric cali bration was al- 
ways performed against the 2MASS catalogue (Skrutskie et al. 
2006). This procedure results in a typical absolute accuracy of 
0.04 mag in g'r'i'z', 0.06 mag in JH and 0.08 mag in K s . All re- 
ported magnitudes are in the AB photometric system. Observed 
magnitudes w e re cor rected for Galactic reddening based on 
iSchlegel et al] (fl998h and assuming a Milky Way extinction 
curve with a ratio of total-to-selective extinction of Ry = 3.1. For 
GROND the Vega-to-AB conversion is Jab — >A_ga + 0.93 mag, 
__ab = #ve g a + 1 -39 mag, Kab = ^s.vega + 1 -80 mag, except for 
observations after an intervention on the instrument on March 
2008, for which Kab = K s y eg . d + 1.86 mag. Extinction correc- 
tions for the GROND filters we have used here are: A(g') = 
1.253Av,, A(r') = 0.799A V , A(z') = 0.615A V , A(z') = 
0.454A V , A(J) = 0.292A V , A(H) = 0.184A y , A(K S ) = 
0.136A y . 



3. Results 

In what follows, in several cases we combined GROND's g'r'i'z' 
into a white band. This turned out to be particularly useful 
when searching for a faint afterglow, for studying the light-curve 
shape, and for measuring the offset of a detected afterglow from 
its suspected host galaxy. Image subtraction between the first 
and the last epoch, if applied, was performed using the hotpants 
packageQ Errors in the astrometric accuracy of GROND are less 
than 073 in right ascension and declination. 



the following paper II). Here we add detailed information on all 
individual bursts. In particular, we compare the afterglow lumi- 
nosities with those of their long-burst relatives. We also include 
X-ray data in order to extend this discussion to the high-energy 



1 http://www.mpe.mpg.de/~jcg/grbgen.html 

2 http://www.astro.washington.edu/users/becker/hotpants.html 
http://svn.pan-starrs.ifa.hawaii.edu/trac/ipp/wiki/ppSub_vs_Hotpants 
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Table 1. The 20 short bursts of our sample. 



# 


GRB 


R.A. (J2000) 


Decl. 


Inst. 


error ["] 


Ref. 


T 90 [s] 


Ref. 


E(B - V) 


z 


Ref. 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


1 


070729 


03:45:16.02 


-39-19-20 6 


XRT 


2.5 


1 


0.9+0.1 


1 


0.02 






2 


071112B 


17:20:51.0 


-80:53:02 


BAT 


132 


2 


0.3+0.05 


2 


0.12 






3 


071227 


03:52:31.26 


-55:59:03.5 


OT 


0.3 


4 


1.8+0.4 


3 


0.01 


0.381 


39 


4 


080905A 

\J U Vy y UJ/T 


19-10-41 73 


-18-52-47 3 


OT 


0.6 


6.7 


1.0 ± 0.1 


5 


0.14 


0.122 


41 


5 


080919 


17:40:53.78 


-42:22:05.7 


XRT 


1.6 


8 


0.6+0.1 


8 


0.49 






6 


08 1226 A 


08:02:00.45 


-69:01:49.5 


OT 


0.2 


this work 


0.4+0.1 


9 


0.16 


_ 


_ 


7 


081226B 


01:41:59 


-47:26:19 


IBIS 


150 


1 1 


0.7 


1 1 


0.02 






8 


090305 


16:07:07.59 


-31:33:21.9 


OT 


0.2 


this work 


0.4+0.1 


14 


0.22 






9 


090426 


12:36:18.07 


+32:59:09.6 


OT 


0.5 


this work 


1.2 ±0.3 


17 


0.02 


2.609 


32 


10 


090510 


22:14:12.50 


-26-34-59 

*J r . ^y v . vy 


OT 


0.2 


42 


0.3+0.1 


18 


0.02 


0.903 


33,43 


11 


090927 


22:55:53.39 


-70:58:49.50 


OT 


0.2 


this work 


2.2+0.4 


19 


0.03 


1.37 


34 


12 


091109B 


07:30:56.61 


-54:05:22.85 


OT 


0.5 


20,38 


0.3+0.03 


21 


0.03 






13 


091117A 


02:03:46.9 


-16:56:38 


BAT 


156 


22,23 


0.43+0.05 


24 


0.03 


- 


- 


14 


1001 17A 


00:45:04.66 


-01:35:41.89 


OT 


0.26 


40 


0.30+0.05 


25 


0.02 


0.915 


40 


15 


100206 A 


03:08:39.03 


+ 13:09:25.3 


XRT 


3.3 


26 


0.12+0.03 


26 


0.38 


0.41 


35 


16 


100625 A 


01:03:10.91 


-39:05:18.4 


XRT 


1.8 


27 


0.33+0.03 


27 


0.01 






17 


100628 A 


15:03:52.41 


-31:39:30.2 


XRT 


7.0 


28 


0.036+0.009 


28 


0.17 


0.102 


36 


18 


100702 A 


16:22:47.26 


-56:31:53.8 


XRT 


2.4 


29 


0.16+ 0.03 


29 


0.41 






19 


101129A 


10:23:41 


-17:38:42 


BAT 


180 


30 


0.35 ±0.05 


30 


0.07 






20 


101219A 


04:58:20.49 


-02:32:23.0 


XRT 


1.7 


31 


0.6+0.2 


32 


0.06 


0.718 


37 



Notes: The 5th, 6th, and 7th column give the instrument on which the coordinates are based (OT stands for optical transient detected), the 
corresponding radius of the error circle and the reference, respectively. BAT and XRT stand for the instruments onboard of the Swift satellite, IBIS 
stands for the instrument onboard the INTEGRAL satellite. The 8th and 9th col umn provide Tg y and the corresponding reference. The last columns 
give the Galactic reddening E{B - V) (mag) along the line of sight according to Schle gel et al.l l l 19981) as well as the redshift. If available, enhanced 
Swi ftPiKT position s are given in colu mns #3 and #4 as well as the r evised error circles , take n from http://www.swift .ac.uk /xrt-positions/index.php 

~^{2008h, 
2008), 



and lEvansH201l3l bl). References: 1 = iGuidorzi et all d2007d). 2 =lPerri et all d2007l), 3 = ISakamoto etafl d2007bt), 4 = ID' Avanzo etaf 
5 = iPaeani et all d2008bh. 6 = iMalesani et alJ fcOOa), 7 = Ide Ugarte Postigo et al.l ll2008h. 8 



1 1 = |M ereghetti et al. (2008]) 14 



- iLevan et al 



Krimm et all d2009l) 
d2009bl). 22 = " 
2010. 



d2009bl). 2 1 = lOates et al 
Ide Pasquale et alJ d2010ch . 26 = iKrir 
= ICummings et al] d20101) 31 =lGeI 
Levan et alJ d2009 ah. 3 5 = ICenko et al.1 d2010ah . 36 
D' Avanzo et al] d2009h . 40 = lFong et"atl d201 ll) . 41 
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Krimm et al 
Gelbord et al 



Satoetal. (2009), 18 
ICummings et alJ d2009l), 2 3 = 



Preger et al 



Krimm et al 



(2008jJ, 9 „ 

Hove rsten et alJ d2009l) , 19 = iGrupe et al.l d2009bl) . 20 
D'Elia et alJ d2009l). 24 = ISakamoto et alJ d2009h. 2 5 = 

ISiegel et al.1 d2010bl) . 30 
= iRau et alJ d2009h . 34 = 

ICenko et al.l d2010bl). 37 " Ichornock & Bergeri d201 ll) 38 = IMalesani et alJ d2009l), 39 = 
Rowlinso n et alJfeOlOh . 42 = lNicuesa Guelbenzu et"aTTd2012l) . 43 = lMcBreen et al.1 .2010). 



Holland et al. (2010b), 28 
Krimm et alJ <2010ah. 32 = 



Immler et al. I 120T 
iLevesaue et al.l (I200 1 



29 = 
, 33 



3. 1. GRBs with an afterglow detected by GROND 

Among the 20 events followed up by GROND, in six cases an 
optical afterglow was detected by GROND. Two of these events, 
GRB 090426 and GRB 090510, have been discussed in detail in 
paper I and II. Here we report on the four additional cases. 



3.1.1. GRB 081226A: Discovery of the optical afterglow 

Observations: GROND started observations 10 min after the 
GRB trigger and was on target for 2.5 hrs. Second-epoch ob- 
servations were performed the following night and a final epoch 
was obtained 1 mon th after the bu rst. Inside the 90% c.l. XRT er- 
ror circle (r = 3'.'8; Eva nsl201 1 alibi) , the white-band image shows 
three objects (A-C; Fig.Q}. 

Afterglow light curve: After performing image subtraction 
on the white-band images, the afterglow appears in the southern 
part of its very faint host galaxy (object C in Fig. [TJ. It is de- 
tected in all optical bands (Table |A~TT ) and is best-sampled in the 
r' band. Fitting the light curve with a single power-law plus host 
galaxy component (Fig. [2j gives a = 1.3+0.2, i.e., the afterglow 
was in the pre-jet break evolutionary phase. The decay slope is 
in agreement with the two X- ray detections of th e afterglow cen- 
tered at 0.6 ks and 11.5 ks (lEvans et al.ll2010j). We r e-reduced 
archival Gemini r'-band images (Bergeretal. 2008a) and find 



that they fit well into this light curve, confirming the GROND 
discovery. 

Due to the faintness of the afterglow, a well-defined SED, 
corrected for host-galaxy light, cannot be constructed. 

Energy budget: No redshift is known for GRB 08 1226 A. 
Assuming a redshift of z — 0.5 and usin g the data and the numer- 
ical approach from But ler et al.l d2007|j, we obtain an isotropic 
equivalent energy for this burst of £ iso = 2.0^ x 10 50 erg. If 
there is a jet break in the optical light curve then it must have 
occurred after about 10 ks. Adopting an ISM profile, for the 
jet ha lf-opening angle we have (e.g.. iFrail et al.ll200lt iLu et al.l 
2012) 



©jet = 0.057 rad 



3/8 



1 day 
1 0.2/ \0.1cm- 3 / 



1 +z 



-3/8 



10 53 erg 



1/8 



(1) 



Adopting a radiative efficiency of 0.2, and scaling the results to 
a rather low gas density of 0.01 cirT 3 as it might be implied for 
a neutron star merger, we obtain ©j et > 2.6*Sj x (n/0.01) 1 '' 8 
deg and a beaming-corrected energy of E m]: > 2.1*H 10 47 x 
(n/0.01) 2 '' 8 erg. There are no X-ray data for t > 10 ks that could 



http://astro.berkeley.edu/~nat/swift/bat_ spec_table.html 
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Fig. 1. White-band image of the field of GRB 081226A. Inside 
the 90% c.l. XRT error circle (r = 3'.'8) lie three objects (A,B,Q. 
The position of the afterglow is indicated (C). In order to go 
deep, all GROND images of the first and the second epoch have 
been combined here. 



22.5 r u 




(seconds) 



Fig. 2. GROND r'-band light curve of the afterglow of GRB 
08 1226 A fitted with a single powerlaw plus host galaxy com- 
ponent. Overplotted in green color are the Gemini-S/GMOS r'- 
band data (Table [AT). No corrections for the slightly different 
filters have been performed. 



yield f urther evidence fo r a possible break in the afterglow light 
curve (lEvans et al.ll2010h . 

Host galaxy: The underlying host galaxy (C) is very faint 
and only visible in the g', r' second-epoch images (g' = 25.88 + 
0.24, r' = 25.79 + 0.34). The offset of the afterglow from its cen- 
ter is <075. For an assumed redshift of z — 0.5 this corresponds 
to <3 kpc. No statement can be made about the morphological 
type of this galaxy. 

3.1.2. GRB 090305: Discovery of a jet break 

Afterglow light curve: GROND started observing the field 30 
min after the Swift/BAT trigger and was on target for 1 .5 hrs. The 




Fig. 3. The field of GRB 090305: the optical afterglow (A) and 
the object closest to it (B). Shown here is the g'r'/'z'-combined 
(white-band) image taken between 4 ks to 7 ks after the burst. 
The circle is just dra wn to guide the eye; ther e is no independent 
Swift/XRT position ( Beardmor eTt al.ll2009d) . 



fadin g optical afterglow (ICenko et alj 120091: iBerger & Kelson! 
l2009h is detected in all optical bands but it is not seen in the 
NIR (Table©. 

Gemini-S/GMOS observed from 1.5 ks to 7.5 ks after 
the bu rst in g',r',i' and discovered the afterglow (Cenk oet al.l 
l2009h : no detailed light curve data have been published so far, 
with /'-band data affected by strong fringing. Figure |4]shows the 
result of the simultaneous fit of all data (GROND/Gemini) using 
a broken power-law with the Gemini data overplotted. The fit 
finds a break in the light curve at tt, = 6.6 + 0.4 ks, a pre-break 
decay slope of a\ = 0.56 + 0.04, and a post-break decay slope 
of ai = 2.29 + 0.60. T he pre-break dec ay slope is rather shallow 
but not unusual (e.g.. IZeh et al.ll2006[). There is no X-ray light 
curve available for this afterglow (iBeardmore et al.ll2009bl) . 

SED: By fitting the Gemini g' and r'-band data together with 
the GROND g' r' i' z' -band data we find a spectral slope of /? opt = 
0.52+0.15 0f 2 /d.o.f.=0.66). No evidence for color evolution was 
found. Applying the a - /3 relations, there is no solution with 
p > 2 for the pre-jet break phase; the light curve decay is too 
shallow at that time (Table 0. On the other hand, the observed 
spectral slope suggests that between about 2 ks and 8 ks it was 
v op t < v c , since then p — 2/3 + 1 = 2.04 + 0.32, a standard value. 
Possibly, the deduced shallow a\ indicates that at early times 
the evolution of the light curve was affected by re-brightening 
episodes or energy injections. No decision can be made between 
a wind and an ISM model. 

Energy budget: Assuming a redshift of z — 0.5, and fol- 
lowing the same procedure as in Sect. 13.1.11 we find £j so = 
2.1+Q7 x 10 50 erg. The observed break time, if interpreted as ajet 
break in an ISM medium (Eq. [TJ, leads to a jet half-opening an- 
gle of ©jet = 2.2+qj x (n/0.01) 1/8 deg and a beaming-corrected 
energy release of E cor = 1.6+j^ 10 47 x (n/0.01) 2/8 erg. 

Host galaxy: At the position of the optical transient there 
is no evidence for an underlying host galaxy in any band, only 
upper limits can be given (g'r'i'z'JHK, > 25.7, 26.0, 24.5, 24.2, 
22.4, 22.0, 20.6). The object closest to the optical afterglow is 
a faint source at a distance of T/4 (object B; see Fig. [3]). This 
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Fig. 4. Gemini and GROND light curve of the optical afterglow 
of GRB 090305. All data are fit simultaneously. Open circles are 
GROND while filled circles are Gemini. Color coding: green g' 
band (shifted by +0.5 mag), red r' band, brown i' band (shifted 
by -0.5 mag), black z' band (shifted by -1 mag). 
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Fig. 5. GROND SED of the afterglow of GRB 090305 at 6 ks 
after the burst, after correction for Galactic extinction. Index G 
stands for GROND. 



object is only detected in the GROND /' band with a magnitude 
of 24.1 + 0.2. Object B is also detected in Gemini r' band data 
taken 10 days after the burst at a magnitude of 26.0 + 0. 1 . It was 
also imaged with VLT/FORS in R c (program ID 082.D-045 1 ; PI: 
A. Levan). 

Following the proc edure described in iBloom etaL I (12001 
and lPerlev et al.l (120091) . the probability to find a galaxy as bright 
as object B within l'/4 distance from the afterglow is about 7%. 
Formally, this small probability makes B a host galaxy candi- 
date. If its observed color (r' - i'= 2.3 + 0.2 mag) is due to 
the redshifted stellar 4000 A bump, then its redshift is around 
z = 0.50 For z = 0.5 the projected distance of the afterglow 
from object B would then be 8.5 kpc. 



4 Assuming that this is the GRB host galaxy, this color cannot be 
the Lyman break since the afterglow was detected in the g' band 
dCenko et alj2009h . 



Table 2. GRB 090305: Predicted f3 based on the a - j3 relations 
using «i = 0.56 + 0.04 and a 2 = 2.29 + 0.60. 



afterglow model 


/?(<*) 


predicted fj 


p 


ISM, iso, case 1 


(2a, + l)/3 


0.71±0.06 


1.42+0.12 


ISM, iso, case 2 


2oi/3 


0.38±0.06 


1.76+0.12 


ISM, jet, case 1 


« 2 /2 


1.15+0.32 


2.30±0.50 


ISM, jet, case 2 


(a 2 - l)/2 


0.65±0.32 


2.30±0.50 


wind, iso, case 1 


{2a, + l)/3 


0.71±0.06 


1.42+0.12 


wind, iso, case 2 


(2or, - l)/3 


0.05 ±0.06 


1.10+0.12 


wind, jet, case 1 


Q-2/2 


1.15+0.32 


2.30+0.50 


wind, jet, case 2 


(a 2 - D/2 


0.65+0.32 


2.30+0.50 



Notes: Case 1 stands for v > v c , case 2 for v < v c . In the foiTner case 
the power-law index of the electron distribu tion function is given by 
p = 2/3, whereas in the latter case p = 2/3+1 jSari et alji999h . 



3.1 .3. GRB 090927: A wind medium? 

Observations: GROND started observations about 17 hrs after 
the burst and continued for 1.5 hrs. A second-epoch observation 
was performed the following night for about 1 hr. Both observing 
runs were affected by bad seeing (2'.'3). The afterglow is clearly 
fading in all GROND optical bands, while it was not detected in 
the NIR. 

Afterglow light curve: The GROND r'-band light curve can 
be fitted with a single power-law that has a slope of a — 1 .32 + 
0.14 Of 2 /d.o.f. = 0.39; Fig.|6}, which is also i n agreement with 
the results fro m the Faulkes Telesc ope South (ICano et al.| [2009) 
and the VLT dLevan et al.l l2009al) . The first two fl-band data 
points from the Zadko telescope, however dKlotz et al.l f2009: 
see appendix), lie about 1 mag below the extrapolated fit (but 
also have large errors). Those data suggest that between 2 and 4 
hours after the burst the optical flux was nearly constant. At the 
same time the X-ray light curve shows strong fluctuations but 
also seems to be in a plateau phase. 

Assuming for the X-ray light curve a single power-law de- 
cay, for t > 20 ks we obtain ax = 1-30 + 0.07. On the other 
hand, the outlier at 70 ks could also be interpreted as evidence 
for a break in the X-ray light curve. However, the light curve 
decay after the break is then too shallow for a post-jet break 
decay slope. We thus conclude that also the X-ray afterglow is 
best described by pre-jet break evolution up to the end of the 
XRT observations. A decay slope of 1 .3 is in agreement with the 
ensemble s tatistics of pre j et-break decay slopes for long-burst 
afterglows dZeh et al.ll2006l) . 

SED: The SED of the afterglow was constructed by combin- 
ing all GROND data taken from 64 ks to 66 ks after the trigger, 
when the seeing was best (about 2"). It is best fit by a power 
law with no extinction in the host galaxy (A^ ost = 0; Fig- EJ. The 
spectral slope is y6 opt = 0.41 + 0.16. The a -y6-relations then im- 
ply that at the time of the GROND observations it was v opt < v c 
(Table [5). The spectral sl ope Px in the X-r ay band during this 
time period was 1.2 + 0.2 (lEvans et al.l l2010). which in combina- 
tion with the spectral slope in the optical points to v opt < v c < vx 
and prefers a wind over an ISM model. For the pre-jet break 
phase this order in frequencies implies ax - a 0?t - +0.25 (— 
for a wind, + for an ISM), while we measure a difference of 
-0.02 + 0.17, not favoring any of both models. 

Figure [8] shows the optical-to-X-ray SED of the afterglow 
at f=65 ks. Using a Galactic TVh = 2.9 x 10 20 crrT 2 , for the 
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Fig. 6. The r',/'-band light curve of the optical afterglow of 
GRB 090927 (the i'-band is shifted by -0.6 mag; Table \KM . 
Overplotted are a l so j?-band data reported in GCN Ci rculars 
dKlotz et alJliool: ICano et al J [20091: ILevan et alj[2009i in vi- 
olet) as well as the X-ray data ( Eva ns et al loTol) . 
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Fig. 7. SED of the afterglow of GRB 090927 at t =65 ks (from 
g' to K s ). It is best fit by a power law with no evidence for extinc- 
tion in the host galaxy. Note that the NIR bands are only upper 
limits. 



given redshift (z = 1.37: ILevan et al. 2009a) the fit finds no 
evidence for host extinction (SMC dust; A^ st = 0.02 ± 0.02 
mag), a spectral slope fj opt = 0.57+qJL and a break energy of 
42 eV Cf 2 /d.o.f.= 196/229 = 0.85). A fit with a single power-law 
is worse, confirming that v opt < v c < vx- 

Energy budget: Assuming a wind model, it is (iBloom et alJ 

I2003h 







jet 



0.169 rad 
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1/4 (Vy_ \ 
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1 day 
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l+z 



-1/4 



10 52 erg 



-1/4 



(2) 



where A* is the wind density parameter (IChevalier & Li| [2000) 
and, similar to Eq. ([TJ, we have introduced a radiative efficiency 
T]y. For a jet-break time of tb > 6 x 10 5 s (as implied by the X-ray 
data), then forz = 1.37 and rj y = 0.2, with E is0 = 4.5+^ x 10 51 
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Fig. 8. Optical-to-X-ray SED of the afterglow of GRB 090927 at 
t =65 ks. 

Table 3. GRB 090927: Predicted p based on the a - (3 relations 
using a = 1.32 + 0.14 (for details see Tabled. 



afterglow model 


P(a) 


Popl 


P 


y8x 


ISM, iso, case 1 
ISM, iso, case 2 


(2a, + l)/3 
2an/3 


1.21±0.09 
0.88±0.09 


2.42±0.18 
2.76±0.18 


1.20±0.05 
0.87±0.05 


wind, iso, case 1 
wind, iso, case 2 


(2a, + l)/3 
(2a, - l)/3 


1.21±0.09 
0.55±0.09 


2.42±0.18 
2.10±0.18 


1.20+0.05 
0.53±0.05 



Note: p is given based on /3 , 



erg, we find © jet > 12 + 2 deg and £ cor > 1.0^ x 10 3U erg. An 
ISM model (Eq.QJ gives jet = 7.0^ x (n/0.01) 1/8 deg and 
£ cor = 3.4;};| 10 49 x («/0.01) 2/s erg. ' 

Host galaxy: Observations performed two years after the 
trigger show no evidence of a host galaxy at the position of the 
optical transient down to deep upper limits (g'r'i'z'JHK s > 25.2, 
25.2, 24.5, 24.2, 22.3, 21.6, 20.4). The late-epoch data reveal 
that there are two objects (A and B) within a radius of 10 arcsec 
centered at the position of the optical afterglow (Fig. |5). Both 
objects are clearly extended. If one of them is the host then the 
projected offset of the b urst was 6"5 and 7 "5, respectively. For 
a redshift of z — 1.37 (ILevan et al.ll200 9a) this corresponds to 
a projected distance of 55 kpc and 63 kpc, respectively. If the 
progenitor of GRB 090927 was a collapsar, this large distance 
rules out that A or B is the putative host. 

3.1 .4. GRB 1 001 1 7A: Determination of the afterglow decay 
slope 

Observations: GROND started observing the field of GRB 
1001 17A 3.5 hrs after the GRB trigger and was on target for 
one hour (Fig. ITOb . The host galaxy flux was measured half a 
year later. 

Afterglow: Th e optical af t erglow on top of its host galaxy 
was discovered bv iFong et al.l (1201 ll) . During the first night for 
the host plus afterglow we measure a g',r'-band magnitude of 
24.37 + 0.25, 23.72 + 0.18, while in the late-epoch data g' , r' = 
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Fig. 9. Finding chart of the field of GRB 090927 (GROND 
gVYz'-band combined). Left: First-epoch detection of the after- 
glow with GROND. Right: Deep, late-epoch observation of the 
field in June 201 1. The circle (2'.'5 in radius), drawn to guide the 
eye, is centered at the position of the optical afterglow. A and B 
label the two galaxies nearest to the afterglow. 




Fig. 10. Combined GROND gV/'z'-band (white) image of the 
field of GRB 1001 17A taken half a year after the burst. The cir- 
cle is just drawn to guide the eye, it is centered at th e position 
of the optical transient discovered by Fon g et aD (1201 ll) and cir- 
cumscribes the GRB host galaxy. 



25.44 ± 0.37,24.60 ± 0.35, resulting in a decay between both 
epochs of 1.07 + 0.45 mag and 0.88 + 0.39 mag, respectively. 

The second-epoch data can be used to remove the host 
galaxy flux from the first epoch data. Based on this result, we 
obtain an afterglow magnitude of r' ~ 24.3 during our first- 
epoch observations at a mean time of t — 4.3 hr. We can esti- 
mate the decay slope of the afterglow light curve by compar- 
ing this re s ult wi th the r-band detection of the afterglow by 
Fon g et alJ (1201 lh 8.3 hrs after the burst. This gives a ~ 1.3, 
assuming no color transformation between both filters. This re- 
sult is confirmed by combining the GROND g'r'i' images into 
a white band. Figure QT] shows the corresponding light curve of 
the afterglow during the first night, providing a slope of a — 1 .2, 
indicating that during this time period the afterglow was still in 
its pre jet-break phase. 
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Fig. 11. Combined GROND g'r'i' white-band light curve of 
the decaying afterglow of GRB 1001 17 A, centered on galaxy 
(Fig. [TOl). Also shown is the host galaxy magnitude as a straight 
line, including the lcr error (measured by GROND eight months 
after the burst). Note that the y-axis shows arbitrarily magni- 
tudes. 



Energy budget: Sw iftPiKT data do n ot cover the time pe- 
riod when GROND and Fon g et al.l d201 lh were obs erving. The 
last X -ray detection is at 477*i2 1 s after the trigger (lEvans et al.l 
l2010h . In particular, since the very last XRT data point at around 
0.5 d is only an upper limit, optical and XRT data cannot be 
compared. If the afterglow was in the pre-jet break decay phase 
until at least 8.3 hr after the burst, in combination with the ob- 
serve d isotropic equi valent energy of Ej S0 = 51.0 + °;} x 10 50 
erg (iKannet alJl201ll) and a redshift of z = 0.92 (Fon g et al.l 
120111) . the lower limit on the jet half-opening angle is (Eq. [TJ 
©jet = 2.4 x («/0.01) I/8 deg and E cm > 4.6 10 48 x («/0.01) 2/8 
erg. 

Host galaxy: Our data do not allow us to measure the 
offset of the afterglow from its host galaxy center; iFong et ail 
(120111) . using their Gemini-N/GMOS observations, obtained 
60+40 mas, corresponding to 0.5 + 0.3 kpc. 

3.2. GRBs with no afterglow detected by GROND 

The results for those 14 out of 20 GRBs where GROND could 
not detect the afterglow are summarized in Table |4] In most 
cases we were on target within some hours after the burst. In 
all cases deep upper limits can be provided, in particular in the 
NIR, where we reach up to 7=22.7, H-22.Q, and K s -2\2. The 
individual observations by GROND are described in detail in the 
appendix. However, of particular interest are two events (GRB 
080919, 100702 A), where observations started within less than 
10 min after the trigger. 

3.2.1. GRB 080919 

GROND started observing the field 8 min after the burst . Due 
to a delay in secure XRT coordinates (Preger et al. 2008a), dur- 
ing the first 30 min only the NIR images cover the afterglow 
position. Deep second-epoch observations were performed with 
GROND three years after the burst. Image subtraction was per- 
formed between second and first-epoch data in all bands but no 
afterglow was found. Probably the main reason for this non- 
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Table 4. Summary of the 3<x upper limits for the short-burst afterglows not detected with GROND based on first-epoch data (AB 
magnitudes). 



# 

(1) 


GRB 

(2) 


(UT) 
(3) 


Ref. 
(4) 


f obs 
'start 

(UT) 

(5) 


mean 
(UT) 
(6) 


< dt > 
(hh:mm:ss) 
(7) 


(8) 


r> 
(9) 


i' 
(10) 


z ' 

(11) 


,/ 

(12) 


H 

(13) 


K 

(14) 


1 


070729 


00:25:53 


1 


29-M-2007, 07:09:53 


09:13:33 


08:47:40 


24.5 


24.7 


24.4 


24.3 


22.7 


21.8 




1 

z 


(Yl 1 1 1 TD 

U / 1 1 1 Zd 


io.li.il 


i 

Z 


1 1 inm nn. i i .ic 
1 J-JNOV-2UU/, UU.ll.iJ 


UVAy. 1 J 


U6.Zj.44 


1/1 A 

Z4.0 


1 A A 


Zi.o 


ii ^ 

Zi.j 


1 1 a 
Zi.o 


in i 
ZU. / 


in n 
ZU.U 


3 


071227 


20:13:47 


3 




00:23:14 


04:09:27 




20.6 


20.0 


20.4 


20.0 


19.8 


19.4 


4 


nennn^ a 


I 1 . £Q . £/1 

I I .J0.34 
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Uo-oep-ZUUo, ID.Z2.14 


Uj.Z /. ji 


1 1 .Zts.jy 


11 n 

Zi.V 


ZZ.O 


ii i 
ZZ.i 


1 1 n 

zi.y 


in a 
Z\)A 


inn 
19.9 


i n a 

iy.6 


5 


080919 


00-05-1 3 


5 


19-Sen-?0f)R OOn-ll 

1 " kjCjJ Z.V/VJO, UV/.l J.J1 


00-16-5? 

\J\J . 1 KJ.^JZ. 


00:11:39 










19.6 


19.4 


19.3 










00-13-31 


00-70-34 


00:15:21 










19.8 


19.5 


19.5 










uu.Zo.uv 


UU.39. 16 


UU.34.U3 










1 O 

19.6 


m i 

19. / 














01:22:37 


01:17:24 


23.5 


22.7 


22.2 


21.9 


19.7 


19.7 


19.8 


7 


081 776R 


12:13:11 




?7-r>er-?008 01-30-14 


07-00-55 

\Jz- . \J\J • ,_J»J 


13:47:44 


25.5 


25.2 


24.3 


23.9 


22.0 


21.5 


20.5 


12 


091 109R 


21:49:03 


7 


1 O-Nnv-7009 03 • 3 1 -40 


03-45-58 


05-56-55 


23.6 


23.3 


22.2 


21.9 


20.3 


19.7 


19.0 


13 


09 11 17 A 


17:44:29 


8 


19-Nov-2009, 00:46:48 


01:13:45 


31:29:16 


25.0 


24.8 


24.0 


23.5 


21.7 


21.2 


20.4 


15 


100206 A 


13:30:05 


9 


07-Feb-201o', 00:33:50 


01:09:43 


11:39:28 


24.7 


24.4 


23.9 


23.1 


21.7 


21.3 


20.4 


16 


100625A 


18:32:28 


10 


26-Jun-2010, 06:13:15 


06:43:04 


12:10:36 


23.6 


23.1 


22.8 


22.9 


21.8 


21.2 


20.3 


17 


100628 A 


08:16:40 


11 


29-Jun-2010, 01:24:19 


02:08:49 


17:52:09 


24.2 


24.5 


23.9 


23.9 


22.6 


22.0 


21.2 


18 


100702 A 


01:03:47 


12 


02-M-2010, 01:06:38 


01:09:51 


00:06:04 


24.1 


23.6 


23.0 


22.5 


20.4 


20.0 


19.3 










01:06:38 


01:13:27 


00:09:40 


24.4 


23.8 


23.2 


22.7 


20.6 


20.1 


19.5 










01:21:04 


01:48:27 


01:44:40 


24.9 


24.1 


23.5 


23.0 


20.6 


20.3 


19.8 


19 


101129A 


15:39:32 


13 


30-Nov-2010, 06:20:25 


07:11:30 


15:31:58 


24.7 


24.7 


24.2 


23.9 


22.0 


21.4 


20.5 


20 


101219A 


02:31:30 


14 


19-Dec-2010, 03:55:06 


05:09:48 


02:38:18 


23.8 


23.9 


23.4 


23.2 


22.4 


22.0 


20.9 



Notes: Column #3: GRB trigger time (UT); column #5: time after the burst when the first optical OE0 was started; column #6: mean observing 
time; column #7: difference between column #6 and #3 (always in hh:mm:ss). columns #8 -#14: 3<r upper limits. Notes to individual bursts: 
GRB 071227: just 1 OB was taken in the first night (4 min), the g' band is not useful; GRB 080905A: just 1 OB was taken (8 min), g'r'i'z' are 
calibrated based on GROND zeropoints; GRB 081226B: The optical upper limi ts refer to the southern 50% of the error circle, the other part was 
not imaged in g'r'i'z'', GRB 100206A: This supercedes the information given in Nicuesa Guelbenzu et al. (2010). General: Note that in the case of 
large BAT/IBIS error circle s the true limiting magn itud es of the afterglow mig ht be 1 mag less deep th an th e limiting magnitude s of t he images as 
given h ere. References: 1 =lGuidorzi e t al. (2007 (J), 2 =lPerri et all (120071). 3 =ISakamoto et~aT1 ( 12007 j). 4 =lPagani et alJ j2008bh. 5 =|Preger et all 
(2008 bT).6=lMer eghetti et alJ ( 120081). 7 =lGrupe et al1d2009bl). 8 =ICummings et alJ ( l2009h.?=lKrimm et alJ(|2010cD ."To = lHolland et alJfeOlObfh 
11 = llmmler et aljlhoiOh TTT = ISiegel et alJ d2010bTT l3 = ICummings et alJ ( l2010h . 14 = lGelbord et al.l (120101) . 

detection is the presence of a bright star inside the error circle 
which makes it difficult to detect any faint transie nt in spite of th e 
small XRT error circle (90% c.l. radius r = 1"6; lEvansll201 lbl) . 
Therefore, we note that the upper limits we provide in Table 2] 
refer to isolated objects in the field while the more reliable up- 
per limits for the afterglow can be substantially less deep than 
reported there. 

3.2.2. GRB 100702A 

GROND started to observe the field 2.5 min after the burst . 
Inside the 90% c.l. XRT error circle (r=2'/4: ISiegel et al.ll2010al) 
the GROND data reveal two bright objects (A, B) within the 
XRT error circle and two others (C, D) close by (Fig. [13] see 
also iMalesani et aDl2010h . Objects A and B look have a point- 
like PSF and might be stars, while C and D might be galaxies. 

Image subtraction and PSF photometry in each band was per- 
formed for all objects but no evidence for variability was found, 
neither in the optical nor in the NIR bands; only upper limits 
can be provided for any afterglow (Table |4}. Similarly to GRB 
080919, the upper limits refer to isolated objects in the field. 



4. Discussion 

Including our discovery of the afterglow and host galaxy of GRB 
081226A, nine out of 20 short-bursts in our sample have a dis- 
covered optical transient, while six have only a Swift/XRT and 
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Fig. 12. The field of GRB 080919. The XRT error circle (radius 
r = 1'.'6) lies close to a relatively bright foreground star. 



four have only a BAT/IBIS localization with no optical after- 
glow. Among the 9 bursts with detected optical transient six 
events have a redshift reported in the literature. An additional 
redshift information comes from the ident ification of the host 
galaxies in the case of GRBs 100206A dCenko et alJ 1201 Oat 
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Fig. 13. Finding chart of the field of GRB 100702 A in the 
GROND J band. Shown als o is the 90% c.l. XRT error circle 
(r = 2'.'4; Sieg el et al.ll2010ah . 



iPerlev et al.l20TTl). 100628 A (ICenko et al.l20 10b). and 101219A 
(Chornock & Berger 201 1). These redshifts range from z = 0.10 
(GRB 100628A) to z = 2.61 (GRB 090426). Four of the 9 bursts 
have a redshift of smaller than 0.5, a high percentage compared 
to the long-burst popul ation; for mor e re dshifts of sh ort-bursts 
see the compilations by Berger (2009J) and lKann et al.l d201 lh . 

The best-sampled light curves are those of GRB 090426 (pa- 
per I) and GRB 0905 10 (paper II) followed by (ordered by sam- 
pling quality) GRBs 090305, 081226A, 090927, and 1001 17A. 
Only the afterglow of GRB 090426 has NIR detections. In three 
cases we find a clear break in the light curve, partly in combi- 
nation with data obtained at other facilities. Two of these events 
(GRBs 090426, 090510) were imaged by GROND in the post- 
break decay phase only and for GRB 090305 the data included 
also the pre-break phase. In principle, the three breaks might be 
interpreted as jet breaks but for GRB 090510 the Swift/UVCfT 
data suggest a different explanation, namely the passage of the 
injection frequency across the GROND bands (for d etails see 
Kumar & Barn iol Duranll20iol iDe Pasquale et al.|l2010l and pa- 
per II). For the other three cases the light curves can be fitted 
with a single power law and, based on the deduced decay slope, 
observations were performed during the pre-jet break evolution- 
ary phase. The light curve decay slopes as well as the spectral 
slopes are not different from what is known for the long-burst 
sample (Table|5]l. 

4.1. Optical luminosities 

In the last years, evidence has been mounting that the classical 
T()o division between short and long GRBs is not transferable to a 
more physically inspired division between progenitor models. It 
seems that merging compact objects may result in high-energy 
emission on timescales far exceeding 7^0 = 2 s, whereas con- 
versely collapsar-triggered GRBs can be lum inous short spikes 
with Tgo,rest < 2 s. This led Zhang et alj d2007l) to propose, anal- 
ogous to the designations of supemovae, that GRBs come in two 
types: Type I GRBs stem from the coalescence of massive com- 
pact objects, whereas Type II GR Bs are asso ciated with the core- 
collapse of massive stars. IZhang et al.l (I2009I) studied the obser- 
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Fig. 14. Light curves of long and short GRB afterglows. These 
light curves have been corre cted individual l y for G alactic fore- 
ground extinction following ISchlegel e t al. (1998), and, if pos- 
sible, host galaxy c ontribution. The thin gray lines are the 
long GRB sample of iKann et alJ d2010h . The red squares con- 
ne cted by splines rep resent the afterglow detections reported 
by IKann et al] ( 1201 lh . The short GRB afterglows detected by 
GROND and presented in paper I and II as well as this work are 
given as labeled thick black lines (they may include additional 
data beyond the GROND detections). Upper limits presented in 
this work (Table |4]l are given as blue triangles. GRB 100702A 
is highlighted also because of its very e arly upper l imits. The 
last data point for GRB 1001 17A is from lFong etail d2011l) , the 
others as well as the data for GRBs 090305 and 081226A are 
pres ented in this paper . Early data for GRB 090927 are taken 
from lKlotz etal](l2009l).lLevan et alj d2009al) . ICano et al.l d2009l) 
as well as lKuin & Grupel d2009l) . 



vational signat ures of the t wo cl asses and devised a scheme to 
classify GRBs. lKann et alJ ( 1201 lh studied a large sample of Type 
I candidate GRBs, adding the optical afterglow luminosity at late 
times as an additional criterion to discern the two classes, with 
Type I GRB afterglows being much less luminous than those of 
Type II GRBs. 

So far, in this work, we have discussed the sample based on 
the classic division. What can the optical luminosity of the 
afterglows (or upper limits thereon) tell us about the likely pro- 
ge nitor systems? Figure IT4l i s a co ntinuation of the plots shown 
in IKann et alJ d2006l 1201 d 1201 lh . Against the background of 
Type II GRB afterglow light curves (thin gray lines) , we show 
the Ty pe I GRB afterglow detections as presented in (IKann et al.l 
2011; red squares connected by splines, upper limits have been 
omitted for clarity) as well as the detected afterglows (thick 
black splines) and upper limits (downward-pointing blue trian- 
gles) derived by GROND in this work as well as in paper I and 
II. 

Already in this plot it is visible that the short GRB afterglows 
are less bright than the mean brightness of the long GRB after- 
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Fig. 15. The light curves of the six GROND-detected short GRB afterglows as well as the upper limits in the redshift z — 1 frame. 
The labeling is identical to Figure [14] GRBs 090426 and 090927 are likely Type II. The luminosity is in units of erg/s. See text for 
further details. 



glows, with half of them (GRBs 090305, 10017A and 081226A) 
being as faint or fainter than the faintest so-far detected long 
GRB afterglows. A true comparison needs to account for the 
redshift and intrinsic extinction, though. 

Figure [TBI shows the light curves of the six short GRBs de- 
tected with GROND in the z — 1 reference frame, having been 
corrected for both distan ce and intrinsic reddening in the GRB 
host galaxy, if possible (iKann et alJl2006t iNardini et all 12006). 
A redshift of z = 0.5 and zero host extinction was assumed 
for all cases where these values are not known. Of the six af- 
terglows, that of GRB 090426 is now seen to be the most lu- 



minous, followed by the ones of GRBs 090927 and 090510. 
Several arguments have already been put forward that the ori- 
gin of 090426 was a collapsar event (see paper I and references 
therein). Between about 0.01 and 0.1 d after the burst (mea- 
sured in the GRB host frame), its magnitude (for the fixed dis- 
tance a measure of the luminosity) was about 2 mag brighter 
than the magnitude of the optical afterglow of the other two 
events. The optical afterglow of GRB 090510, if due to a merger 
event, must be characterized as very luminous between ~ 0.005 
and 0.1 d after the burst. Because of its emission in the 10- 
100 GeV band and its outstandingly small jet half-opening 
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angle of €> ie , < 1° JDePasauale et alJl2010t iHe et alJ [20ll 
Kumar & Barn iol Duranll201ol paper II: if correctly interpreted 
in this way), it was special in several other respects, too. The op- 
tical afterglow of GRB 090927 reached the luminosity of the af- 
terglow of GRB 090426 at about 1 d after the burst, but its further 
evolution is unfortunately unknown. This moderately high opti- 
cal lumino sity along with significa nt lag and other spectral char- 
acteristics (IStamatikos et a lJ [ 20091) and a reds hift beyond what 
is seen for Type I GRBs (jLeranetin|2P09a) argue that GRB 
090927 is also likely to be a Type II GRB. All other afterglows 
with GROND detections or GROND upper limits fall well within 
the Type I GRB sample. 

Between about 0.01 and 0. 1 d (host frame time) the three op- 
tical afterglows mentioned above (which have a measured red- 
shift) were about 7 + 1 mag brighter than the afterglows of GRBs 
081226A, 090305, and 1001 17A (among which only the latter 
has a secure redshift)£J For GRB 090510, the situation changes 
after about 0.1 d, when the early break and following steep de- 
cay (paper II) lead it to b ecome much fain ter than the Type II 
GRB afterglows (see also iKann et alj[20llh . From the perspec- 
tive of optical luminosities, we therefore find additional evidence 
for a collapsar origin of GRB 090927, despite its short dura- 
tion, whereas there is no evidence indicating that GRBs 090305 
and 08 1226 A are not members of the classica l short/Type I GRB 
population. We note in passing, though, that Panaitescu| (1201 ll) 
also discussed a collapsar origin for GRB 090510. 




2 4 6 8 10 12 14 16 18 20 

0j e t (degrees) 

Fig. 16. The observed distribution of jet ha lf-opening ang les of 
74 long bursts (based on the compilation in lLu et al . 2012) com- 
pared to the short-burst sample. Since the latter has much less 
data, we do not plot a histogram but only points. An arrow in- 
dicates a lower limit on 0j et . Th e Type I e vents GRB 051221A, 
060614, and 0707 14B listed in iLu et alJ ( l2012l) have not been 
used for the plot of the long-burst data. 



4.2. Jet half-opening angles 

Observations of jet breaks in short-burst afterglow light curves 
are rather sparse, in the optical as well as in the X-ray band. In 
the optical band, the best-sampled cases are GRBs 090426 and 
090510, but the former burst is suspected to be due to a collap- 
sar ex plosion rather than due to a merger event (e.g., Thon e et aD 
1201 lb . while the latter stands apart even from the long-burst sam - 
ple due to its very small jet half-opening angle (IHe et al.ll201 ll) . 
The third member o f this group is G RB 050709 with an esti- 
mated ©jet ~ 14 deg (Fox et al. 2005), which is based on a very 
sparsely sampled light curve, however. 

In the X-ray band the observational situation is not 
much better. The best case might again be GRB 090510 
(iDePasquale et alJ2010t) . followed by GRBs 050724, 051221A, 
061201, and 111020A. Unfortunately, the first burst (GRB 
050724) a llows only for an estimate of a lower limit on ®j et 
(> 25 deg: lGrune et ai1l2006t iMaTesani et al.ll2007l) . while GRB 
05 1221 A relies o n a rather well-samp l ed light curve (leadin g 
to ©j e t -4-8 deg: [Burrows et ai1l2006l ISoderberg et al.l 12006). 
The X-ray light c urve of GRB 061201 is well-sampled, too 
dStrattaetal.l l2007): again the obser ved break time is q uite early 
(-40 min; © jet =l-2 deg). Recently. iFong et alJ (120121) reported 
on the X-ray light curve of the short burst 11 1020 A, which 
showed a break at 2 d, leading to an estimated 0j et = 3-8 
deg for an assumed z=0.5-1.5 and n ~0.01 cirT 3 . 

Figure[l6]shows the observed distribution of jet half -opening 
angles of long-bursts based on the compilation of ILu et al.l 
(2012) compared to the short-burst sample (a similar plot is re- 
cently shown by IFong et aD (l2012h . The latter contains the re- 
sults summarized in Table [5] supplemented by GRBs 061006 
(©jet ~ 5 deg), 0707 14B (0 jet > 4 deg), and 071227 ( Q jet > 4 
deg) taken from the compilation of iFan & Weil d201 ll) but us- 



6 if the redshift of the former two bursts is not 0.5, as assumed here, 
but somewhere in the range between 0.2 and 1.0, then this magnitude 
difference changes by about ±2 mag 



ing T] Y = 0.2 instead of 1.0 (i.e., multiplying their numbers by 
0.8; Eq. [TJ. At a first view, this figure shows tentative evidence 
that short bursts have wider jet-opening angles than long bursts. 
Some caution is necessary, ho wever. First at a ll, when calculat- 
ing the jet half-opening angles. lEu et al.l(l2012l) assumed n — 0.1 
cirT 3 and r\ y = 0.2 throughout. Even though @j et is only mod- 
estly sensitive to changes in both parameters (see Eq. [TJ, gas 
densities derived for bursts based on multi-wavelength data show 
a spread from burst to burst by several orders of magnitude (e .g., 
Panai tescu & Kuma^l2001h . Second, error bars in 0j et are not 
taken into account in the histogram. Similarly, our standard as- 
sumption of n — 0.01 cirT 3 for short bursts is a simplification, 
too. Possibly for individual bursts it can be wrong by a factor 
of up to 100 in both directions. Finally, our plot contains only 
long bursts with measured jet break times. A more detailed study 
should also contain those l ong bursts for whic h only a lower limit 
on ©jet can be given (e.g., Grupe et al. 2007). 

4.3. X-ray afterglows 

We selected from the Swift Burst Analyser (lEvans et al.l f2010) 
all bursts with detected X-ray afterglow and measured redshift 
that were detected between January 2005 and August 2011. 
We then shif t ed all light curves to their rest frames following 
Grein er et al. (2009). If no redshift information is available for 
a short-burst in our sample (Table [1), we assumed a redshift of 
z = 0.5. 

Figure [T7] displays the resulting luminosity evolution of 
those 14 bursts in our sample for which an X-ray afterglow 
light curve can be constructed, i.e., the X-ray afterglow is de- 
tected during at least two epochs. This excludes GRBs 07 1 1 12B, 
081226B, 090305, 091 1 17A, and 101 129A from the plot, which 
have no afterglow detection at all, and it also excludes GRB 
100206A that is only detected once. The figure also shows the 
luminosity evolution of 191 long GRBs with measured redshift. 
In addition, we overplot the short-burst sample compiled by 
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Table 5. Summary of the data for the six bursts with optical afterglow detection by GROND. 



GRB 


Of] 


a 2 


h [ks] 


Popt 


je t[deg] 


£cor [erg] 


08 1226 A 

090305 

090426 

090510 

090927 

1001 17A 


1.3 ±0.2 
0.56 ± 0.04 
0.46 ±0.15 
1.13 ±0.11 
1.32 ±0.14 
~ 1.3 


2.29 ± 0.60 
2.43 ±0.19 
2.37 ± 0.29 


>10 
6.6 ±0.4 
34.5 ± 1.8 
1.6 ±0.4 

>600 

>30 


0.52 ±0.15 
0.76 ±0.14 
0.85 ± 0.05 

57 +0 - 17 


>2.6 
2.2 ±0.2 
6.5 ±0.4 
~ 1 

> 12 ±2 
>2.4 


> 2.1+^ x 10 47 

1.62** x 10 47 
4.2 ± 1.4 x 10 48 
~ 3 x 10 49 

> 1.0 + g-| x 10 50 

> 4.6 x 10 48 



Notes: GRB 090426: The light-curve parameters refer to the wide jet solution (see paper I). GRB 090 510: Light curve parame ters of this burst are 
interpreted as a jet a t very early times, cr, as well as t b were taken from the optical fit as reported in lDe Pasquale et alT d201d) : @j cl and E COI were 
taken from lHe et al.1 d201 lh . For the other bursts see this work. GRB 090927: Constraints on the jet break time come from the X-ray data (Fig. [6}. 
The results refer to a wind model. 



iKann etaljQoTlh . consisting of an additional group of 19 events 
that are not included in our short-burst sample. 

Figure \TT} demonstrates that the X-ray afterglows of short- 
bursts represent the low end of the luminosity distribution of 
X-ray afterglows. They are on average a factor of ~ 100 less 
luminous than those of long-bursts, simi lar to what is seen 
for optical afterglows (Fig. [T51 see also iGehrels et al.l [2008 ; 
Nvsewan der et al J l2009t IKann et alJlioTTb . However, with the 
single exception of GRB 050509B, short-bursts do not represent 
the least-luminous X-ray afterglows known. There is a contin- 
uous overlap between both populations; for certain time inter- 
vals several long-burst afterglows are even less luminous than 
the population of short-burst afterglows. 

There is a remarkable concentration of short-burst afterglows 
in a relatively narrow luminosity band around Lx,(o.3-io)keV] — 
10 48 erg/s at t ~ 100 s in the rest frame. Even after removing 
bursts with assumed redshifts, the concentration is still present, 
indicating that this is a genuine feature and is not an artifact 
caused by bursts with assumed redshifts. After that time the lu- 
minosities of most short-burst afterglows drop notably and their 
luminosity distribution broadens by an additional factor of ~ 10 
to a final range of ~ 100, which holds up to at least t=l d. 
At even later times most short-bursts are not detected anymore. 
Outstanding here is the X-ray afterglow of GRB 060614, which 
was detected until t — 2 x 10 6 s (rest-frame), while in our sample 
only three events (GRBs 090426, 090927, and 100628 A) have 
been detected beyond t — 10 s s. We caution that the former two 
are possibly Type II GRBs, i.e. originating from the gravitational 
collapse of a massive star. 

In our sample, the X-ray afterglows of th e short-bursts 
GRBs 0712 27 (7 = 0.383:lD'Avanzo et alJl2007h and 080905 A 
(z = 0.122; IRowlinson et alJl2oToF have the lowest luminosi- 
ties, while GRB 09 0927 (z = 1.37: iLevan et al.l l2009ah and 
090426 (z = 2.609: iLevesque et al.l 12009) are the most lumi- 
nous short-bursts in our sample, again we stress that the latter 
two are lik e ly Typ e II GRBs. Adding the data set discussed in 
IKann et alJ d201 lh . then the X-ray afterglow of GRB 050509B 
represents the low end of the luminosity distribution between 
~ 0.3 ks and ~ 30 ks, followed by GRBs 061201, 060505, 
and 06061^0 at later times. On the other hand, the most lu- 
minous short-burst afterglows are that of GRBs 080503 and 
051210 which reach log(Lx,(0.3-i0)keV][erg/s])) 49.25 during 
the peak of their emission at ~ 100 s. Only the X-ray after- 
glow of GRB 060121 is more luminous at later times, assuming 



7 w hich is likely a Ty pe I GRB despite its long duration, Zhang ~eTafl 



120091 IKann et 



ke ty a ly p 
ai]|201ll 



z = 4.6 (Ide Ugarte Postigo et d]|2006t but this GRB is possibly 
also Type II GRB. lKann et alJl201 lh . 



5. Summary 

We have reported on the results of 3.5 yrs follow-up observations 
of short-duration GRBs (defined by T90 < 2 s) using the multi- 
channel imager GROND mounted at the 2.2-m telescope on La 
Silla. GROND is especially designed to perform rapid follow- 
up observations of afterglows, which is particularly useful for 
short-duration GRB s because of their on average very faint opti - 
cal afterglows dNvsewander et al. 120091: Ikann et all2010ll201 lb . 
To our knowledge, what we have presented here is one of the 
most comprehensive data sets on short-burst follow-up observa- 
tions published so far, although most of them provide only upper 
limits. 

Among the twenty events followed-up by GROND, in six 
cases GROND could image the fading optical afterglow. Five of 
them had already been known in the literature (GRBs 090305, 
090426, 090510, 090927, 1001 17 A), and the GROND follow-up 
observations of GRBs 090426 and 090510 were already repre- 
sented in paper I and II. The new discovery reported here is the 
optical afterglow of GRB 081226A. It was imaged by GROND 
superimposed on its faint host galaxy (/ ~ 25.8) and faded 
away already within 10 ks after the burst. GRB 08 1226 A also 
belongs to those three cases in our sample where GROND was 
on target within 10 min after the trigger. The other two events 
(GRBs 080919 and 100702A), even though with very small X- 
ray error circles, were unfortunately located in fields crowded 
by stars, preventing the discovery of the optical/NIR afterglow 
in any band. 

Three of the six optical afterglow light curves (GRBs 
090305, 090426, 0905 10) show a break that can be interpreted as 
a jet break. The other three afterglows (GRBs 08 1226A, 090927, 
1001 17 A) show a decay slope in agreement with a pre -jet break 
evolution, allowing us to set at least lower constraints on their 
corresponding jet half-opening angle, ©j et . When comparing 
these results with the long-burst population, we find tentative ev- 
idence for wider jet-opening angles of short bursts compared to 
their long-duration relatives. However, it might need another 20, 
or so, short-burst afterglow light curves with well detected jet 
breaks before observations can seriously start to constrain the- 
oretical models. Moreover, it should be kept in mind that some 
long- duration GRBs have relatively large jet-opening angles, to o 
(e.g.. iGrupe et alJl2007t iRacusin et alJl2009t iLiang et al.l l2008): 
a clear separation between long and short bursts with respect to 
their 0j et values does obviously not exist. 
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Fig. 17. Shown here is the luminosity evolution of the X-ray afterglows of the short-bursts in our sample. Highlighted are the 
bursts with optical afterglows (Figs. 114115) . Black lines represent the afterglows of the likely Type II events GRB 090426 and 
GRB 00927, green the afterglows of the Type I events GRBs 081226A, 090510, an d 100117A No X- ray afterglow light curve 
was reported for GRB 090305. Overplotted is also the short-burst sample compiled bv lKann et alJ (1201 ll) (red color) as well as the 
X-ray afterglows of the long-burst sample with known redshift (gray). All short-burst afterglows are less luminous than the mean of 
long-burst-afterglow luminosities (orange line), however there is a continuous overlap between short and long GRB afterglows. 



The separation between merger and collapsar events be- 
comes more evident when the luminosities of their optical and 
X-ray afterglows are compared. If the Type I/II classification 
sche me is used, GRB s 090426 and 090927 have a collapsar ori- 
gin dKann et alJl201 lh . and in fact their afterglow luminosities in 
the optical band lie in the region occupied by the main body of 
the long-burst/collapsar population (Fig. [TBI , The optical lumi- 
nosities of the afterglows of the Type I GRBs 081226A, 090305, 
and 1001 17A are substantially smaller and stand apart from the 



parameter space occupied by the long-burst sample. On the other 
hand, the optical afterglow of GRB 090510, which was special 
due to its very high-energy emission (see appendix), seems to be 
an intermediate case. 

Seven years after the first precise localizations of short- 
duration GRBs by Swift, the discovery of their optical after- 
glows remains an observational challenge. Even though the 
list of well-localized short-bursts is not that small anymore 
dNvsewander et al.ll2009t iKan n et al. 20TT1: for a continuous up- 
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date see footnote [TJ, the number of well-observed light curves 
of short-burst afterglows is rather small. Progress in this respect 
might be strongly linked to the availability of GRB-dedicated in- 
struments on at least medium-class optical telescopes. GROND 
is one of them. 
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Appendix A: Data tables 



Table A.l. Log of the GROND observations of the afterglow 
(plus host) of G RB 081226A (Fig. [2] ). These results supercede 
the data given in lAfonso et alj (l2008lh 



Time (s) g' 



.1 



H 



1320 > 24.1 23.59(22) > 23.1 22.86(35) >20.9 > 20.3 >19.6 

4070 25.48(30) 24.76(24) 24.40(35) 23.73(24) >21.8 > 21.3 >20.1 

21650 25.56(23) 25.75(34) > 24.9 > 24.5 >21.9 > 21.4 >20.3 

2.44E6 25.85(24) 25.75(34) > 25.0 > 24.5 >22.2 > 21.6 >20.6 



Table A.2. Log of the GROND observations of the afterglow of 
GRB 090305 (Fig.©. 

Time (s) g' r' i' z' 



2014 




23.13(09) 22.96(18) - 


2568 


23.77(19) 


23.26(13) - 


3318 


23.79(15) 


23.55(15) 23.24(19) - 


3925 




23.68(13) - 


4367 




23.61(07) - 


4594 


24.07(09) 


23.55(13) - 


4814 




23.92(11) - 


5262 




23.82(20) - 


5495 




23.46(12) 


5719 




23.74(11)- 


6166 




23.91(08) - 


6392 


24.534(13) 


23.70(11)- 


6613 




23.91(08) - 


7065 




23.86(08) - 


7519 




24.14(27) - 
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Table A.3. Log of the Gemini observations of the afterglow of 
GRB 090305 (Fig. |U). 



in ID' Avanzo et al. 20091) . The G RB host galaxy is discussed in 
detail bv lD' Avanzo et alJ (120091) . 



iviiQ-Lirne 


g 


IVllQ-lliric 


r 


(s) 


mag 


(s) 


mag 


2859 


23.89(05) 


1681 


23.18(03) 


3329 


23.94(05) 


2150 


23.21(03) 


3800 


24.02(07) 


2621 


23.43(04) 






5220 


23.77(05) 






5689 


23.82(05) 






6159 


23.89(05) 






6478 


24.04(04) 






7587 


24.29(04) 



Table A.4. Log of the GROND observations of the afterglow of 
GRB 090927 (Fig©. 



Time (s) 


r' i' 


61700 


21.90(09) 21.79(06) 


62380 


21.86(15) - 


63036 


21.93(05) - 


65325 


21.89(07) - 


150945 


23.18(21) 23.03(22) 



Appendix B: 
GROND 



GRBs without afterglow detection by 



B.I. GRB 070729 

The original 90% c .l. XRT error circle radius was 5'.'7 
(iGuidorzi et alJ l2007al). wh ich was refined to 4'.' 5 some hours 
later (Guidorzi et al. 2007b). A host galaxy candidate was soon 
reported dBerger & Kaplan 2007). However, the final XRT posi- 
tion lies about 9" north- east and doe s not overlap with the pre- 
vious XRT error circle (lEvans ll20TTallbb . 

GRB 070729 was the first short GRB observed with GROND 
after its commissioning in mid-2007. GROND observations 
started 6 hrs after the burst and continued for 4.5 hrs until sun- 
rise. A second-epoch observation was performed the following 
night for 1 hr. No tra nsient object between the two epochs was 
detected in any band dKupcii Yoldas et al]l2008h . 

B.2. GRB 071227 

GROND started observing the field 4 hr after the GRB trigger. At 
that time the weather conditions were not good. GROND could 
not detect the afterglow in any band (Table|4]i. Second-epoch ob- 
servations were performed the following night. GROND was on 
target 29 hr after the burst and observed for one hour. At that time 
the host galaxy had already been discovered by Swif t/WOT 
dSakamoto et all l2007at ICucchiara & Sakamoto! I2007I). and its 
redshift was measured to be z = 0.381 + 0.001 (ID' Avanzo et alJ 
I2007L 120091: iBergereta l. 2007b). VLT observations revealed an 
optical afterglow si tuated 3'.' 1 away from the c entre of its host, 
an edge-on galaxy dD' Avanzo et al.ll2008Ll2009h . GROND could 
not detect the afterglow anymore, only deep limiting magnitudes 
can be provided: g'r'i'z'JH = 25.5, 25.0, 24.2, 24.4, 21.5, 20.5 
at 29 hrs after the burst. The r'-band upper limit is in agreement 
with the expectations based on the VLT /?-band detection at 0.3 d 
after the burst if the optical afterglow was fading analogous to 
its X-ray counterpart with a decay slope of a ~1 (see figure 7 



B.3. GRB 080905 A 

GROND started observing the field of GRB 080905A about 
17.5 hrs after the burst. Observations continued for only 11 
min at a seeing of 2'.'2. The combined gV/'z'-band image as 
well as the combined JHK s -bwd image do not show the af- 
terglow and faint host galaxy discovered with the ESO/VLT 
dRowlinson et al.ll2010h . Our-non detection is in agreement with 
these authors, according to which at the time of our observations 
the magnitude of the afterglow was around Rc = 24, about 1 mag 
below our detection limit. Although the field is very crowded 
with stars, the afterglow was situated in a region free of stars. In 
addition, it was well separated from the center of its suspected 
anonymous host galaxy. Therefore, the upper limits we can pro- 
vide (Table|4]i are not affected by the light of the host galaxy. We 
refer to Rowlin son et al.l d2010t) for a detailed study of this burst 
and its host galaxy. 

B.4. GRB 0911 09B 

GROND observed GRB 091109B six hrs after the trigger. The 
weather conditions over La Silla observatory were not good at 
that time. Although GROND was on target for one hour, obser- 
vations were not deep enough due to clouds. Inside the 2'.'8 90% 
c.l. XRT error circle no source can be detected in the GROND 
images (Table|4j>. 

A faint optical transient was discovered by VLT/FORS in 
the Rc band at the same time whe n GROND was observing 
dLevan et alJ l2009bt iMalesani etail 120091) . but it was not de- 
tected in the NIR (VLT/HAWKI). The non-detection of the after- 
glow by GROND is in agreement with the magnitude reported by 
iLevan etall d2009bl) . Rc ~ 25, which is deeper than our limiting 
r'-band magnitude (23.3; Table©. Re-analysing the VLT/FORS 
data, we find that from 20 ks to 40 ks the light curve of the af- 
terglow can be fitted with a single power law with a slope of 
a = 0.80 + 0.04. For this time period, there are also simultane- 
ous Swift/XRT observations which, within errors, can be fitted 
with the same decay slope (ax - 1.08 + 0.36). 

B.5. GRB 100206 A 

GROND started observing the field 11 hrs after the trigger. 
Observations were performed at high airmass and under poor 
seeing conditions. No evidence for an afterglow candidate was 
found in any band dNicuesa Guelbenzu et al.ll2010l) . lPerlev et al.l 
(1201 lh published a detailed investigation of the GRB host 
galaxy. 

B.6. GRB 100625 A 

GROND visited the field of GRB 100625 A several times. First- 
epoch observations started 11.7 hrs after the GRB trigger and 
lasted for about 1 hour. Second-epoch observations were done 
on June 27, about 39 hrs after the trigger, and a third run was 
performed on July 1 (about 5.5 d after the trigger). Further data 

of the field were collected in 2010. 

Within the r = 1'.'8 90% c.l. XRT error circle dGoad et al.l 

2010b) an object i s detected in all GRO ND epochs, the potential 
GRB host galaxy dBerger et al.ll2010ah . No evidence was found 
in the GROND data for a decaying afterglow superimposed upon 
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this galaxy (Table |4j note that these upper limits refer to an iso- 
lated afterglow). 

B.7. GRB 100628A 

GROND started observing the field about 17 hrs after the GRB 
trigger and remained on target for 1 .5 hrs. At that time, two ex- 
tended objects wer e already detected i nside the final 90% c.l. 
XRT error circle dBerger et al.l 1201 Oeldl) . No optical afterglow 
was detected. 



B.S. GRB 101219A 

Observations with GROND started about 80 min after the GRB 
trigger and continued for about two hrs. Although observations 
were performed under good weather conditions (seeing 078, air- 
mass 1.1), the proximity of the Moon affected the depth of the 
observations. No optical transient was detected by GROND in 
any band down to deep flux limits (Table|4]i. 

B.9. GRBs with arcmin-sized error circles 

This sample contains four bursts where only a SwiftfBAT or, in 
one case, an INTEGRAL/IBIS error circle is known, which are 
typically 3 arcmin in radius. These events are GRBs 071112B, 
081226B, 091117A, and 101129A. Because of visibility con- 
straints by GROND or Swift/XRT in these cases GROND was on 
target not earlier than between 6 and 3 1 hrs after the corresp ond- 
ing GRB trigger. Given that, on average, short GRB afterglows 
are intrinsically substantiall y fainter than those of long GRBs 
(see lKann et alJ[20ToL 1201 lh . it was not very likely that in these 
cases GROND could image the afterglow in any band. Indeed, 
only upper limits can be provided (Table |4). 



Appendix C: Additional observations reported in 
the literature 

C.1. GRB 070729 

SwiftfBAT triggered on GRB 070729 at 00:25:53 UT 
dGuidorzi et al.|l2007al) and had a du ration of r 90 (15-350 keV) 
= 0.9 + 0.1 s dGuidorzi et al.l l2007c|). The burst was also seen 
by Konus A dGolenetskii et al.l|2007bl) . An uncatalogued X-ray 
source was f ound by SwiftfXKT b ut no optical afterglow by 
Swift/VWOT dGuidorzi et al.ll2007al). Ins ide the initial r = 577 
XRT error circle Berger & Kaplan (2007) reported the detection 
of an extended object visible in the K band. A refined XRT 
error circle with a ra dius of r — 475 was later reported by 
Guid orzi et al.1 d2007bl) . This error circle lies 372 away from the 
initial XRT position. Optical follow-up observations were per- 
formed in the R band with the Swope 40-inch telescope at Las 
Campanas Observatory but no sources were detected inside the 
XRT error circles, implying that the aforementioned galaxy is a 
red object (Berger & Murphv 2007]). No a fterglow was detected 
in the radio band dChandra & Fraill [20071) . The position of the 
XRT afterglow was later refined again and shifte d by abo ut 5" 
in NE direction while it shrunk to r — 275 dEvansll2011albl) . 



C.2. GRB 071227 

This was a bright and multi-peaked GRB with ^(15-350 
keV) = 1.8 + 4 s th a t triggered Swift fBAT at 20:13:47 UT 
dSakamoto et al.l l2007a: Sato et al] l2007l) . It was also detected 



by Konus-Wind dGolenetskii et al.l l2007al) and Suzaku-WAM 
(lOnda et al.1 l2008h. Sw ift localized a bright X -ray afterglow 
(Beardmo re et al.ll2007l). UVOT obse rvations ([Sakamot o et al.l 



2007a; ICucchiara & Sakamoto 2007) revealed a single faint 
the XRT error circle, w hich was i dentified 

(Berg er et al. 



source near 
as a 



galaxy 



also 



error 
visible in the 



DSS 



2007al) 



VLT dD'Avanzo et al.ll2007l [2009) and Magellan dBerger et all 
2007b) spectroscopy revealed a redshift of this galaxy of z = 
0.381 + 0.001 and further VLT follow -up detected the optical af- 
terglow dD'Avanzo et al.ll2008i 120091) at the tip of this edge-on 
spiral galaxy. 



C.3. GRB 080905A 

SwiftfBAT an d Fermi/GBM trigg e red on GRB 0809 05 at 
11:58:55 UT (iPagani et al.l l2008at iBissaldi et al.l l2008l) . The 
BAT light curve shows 3 peaks with a total duration of 
about 2 s (Pagani etafl|2008a). Its duration was Tgo (15-350 
keV)=l.l + Is dCummingsetalJ 120081) . A fading X-ray af- 
terglow was found but no o ptical afterglow was detected with 
UVOT (Paga ni et alJl2008a[) . A faint afterglow can didate was 
then discovered with th e VLT dMalesani et al.l [2 008) and also 
a host galaxy was seen dde Ugarte Postigo et al.ll2008l) . The re- 
vised r = 176 XRT error circle is in agreement with this after- 
glow position ( Evans et al.ll2008l) . The afterglow is located in an 
outer arm of a star-forming spiral galaxy at z = 0.1218 ±0.0003, 
making it the closest sho rt GRB known so far. T his event has 
been analyzed in detail bv lRowlinson et ail d2010h . 



C.4. GRB 080919 

GRB 080919 triggered SwiftfBAT at 00:05:13 UT. The burst 
consists of a single spike and had a total a duration of T$o 
(15-350 keV)=0.6 + 0.1 s. Swift/XRT began observing about 
71 s after the BAT trigger. The detected X-ra y afterglow 
could be localized with high precision (r = 27 1 ; Preg er et aD 
2008a), but remained undetected already from the second or- 



bit on. Swift/WOT started observing about lis after XRT 
but no afterglo w candidate could be found in the white filter 
down to m=18 dPregeretal.ll200 8b: Baumgart ner et al.l 120081 
Imml er & Holland 2008 ). The size of th e X-ray error circl e 
could finally be improved to r = 270 (Pr eger et al.l |2008c). 
Ground-based observations with the robotic REM telescope on 
La Silla, Chile, started already 74 s after the BAT trigger and 
revealed a bright NIR source in the XRT error circle (H = 
13.73+0.03), which is also listed in the 2MASS catalog however 
and, therefore, migh t be an unrelated Galactic foreground object 
dCovino et al.l 12008?). No further follow-up observations are re- 
ported in the literature. The position of the XRT afterglow was 
slightly refind three years after the event (lEvansl l201 1 alibi) . 



C.5. GRB 081226A 

GR B 08 1 226A triggered Fermi/GBM and SwiftfBAT at 1 :0 3 : 37 
UT dGodet et al.1 120081: iKouveliotou & Connaughtonll2009l). It s 
duration was r 90 (15-350keV)= 0.4 + 0.1 s (|Krimm_eialj2008). 
Swift /XRT started observing t he field 94.5 s after the BAT trig- 
ger, an afterglow was found dGodetl 120081) . UVOT started ob- 
serving 15 6 s after the trigger but no optical afterglow was 
identified dHoversten & Godetll2008l) . Optical observations by 
ROTSE-IIIc starting 25 s after the GR B could only re veal upper 
limits on any optical afterglow (Schaeferet al. 2008). GROND 
detected an afterglow candidate dAfonso et a l. 2008), but obser- 
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vations with Gemini-S did not reveal a fading behaviour, neither 
of thi s source nor of a 2 nd source found in the XRT error cir- 
cle dBerger et al.ll2008allbl) . No radio counterpart of the optical 
afterglow candidate(s) could be found with the ATCA array in 
Australia (IMoin et al.l2009bl) . The position of the XRT afterg low 
was slightly refind three years after the event (tEvans Il2011albl) . 



C.6. GRB 090305 

The burst triggered Swift/BAT at 05:19:51 UT. The BAT light 
curve shows a single short spike with a duration of rgo(15-350 
keV)= 0.4 + 0.1 s. XRT began observing the field 93 s after 
the trigger, but no X-ray afterglow was initially detected. UVOT 
started observing 96 seconds after the tr igger but no optical after- 
glow candidate wa s discovered either (Beardm ore et al.l l2009a; 
Krirn m et al.ll20 09). Despite the lack of an XRT position, rapid 
follow-up of the BAT error circle with Gemini-S/GMOS and 
Magellan/Baade led to the discovery of t he optical afterglow 
dCenko et all 120091: iBerger & Kelson! l2009h . Furthermore, a re- 
analysis with relaxed constraints allowed the detection of an ex- 
tremely faint X-ray afterglow at the position of the optical coun- 
terpart dBeardmore et al.ll2009cl) . No host galaxy was detected 
down to deep limits right under the optical afterglow position 
dBergerfl2010al) . 



C.7. GRB 090927 

The burst was d etected by Swift/BAT at 10:07:16 UT 
(Grupe et al. 2009a). It had a FRED-like shape with some sub- 
structure and a duratio n of r9o(15-350 keV)= 2.2 + 0.4 s 
( Stamatik os et al.1 12 009). It was also detected by Fermi/GBM 
dGruber et al.l 12009). The final classification of the burst is not 
totally clear. It is more likely a long GR B as it shows signif - 
icant spectral lag and was relatively soft (Grupe et al. 2009b). 
After its BAT trigger, Swift could not immediately slew to the 
field due to an Earth-limb constraint. When Swift/UVOT began 
observing the field 2121 s after the trig ger it immediately discov- 
ered an optical after glow candidate ( Gronwall & Grupel f2009: 
iKuin & Grupell2009l) . Only thereafter the detection of the X-ray 
afterg low was announced, a quite unusual situation (lEvans et al.l 
2009). The afterglow was ob served with the 1-m //4 Zadko tele- 
scope in Western Australia dKlotz et al.1 120091) that started ob- 
servations 50 minutes after the trigger (with the first magni- 
tude valu e for t ~2 hr), w ith the Faulkes Telescope South in 
Australia (Cano et al. 2009) that observed 4.2 hrs after the onset 
of the GRB, and with VLT/FORS2 on ESO Paranal dLevan et al.l 
2009a) that observed 16.5 hrs after the burst trigger. The VLT 
observations a llowed for a measu rement of the afterglow red- 
shift (z = 1.37: lLevan et'a l. 2009a). Radio observations with the 
Austr alian ATCA array did not reveal the afterglow (Moi n et all 
l2009ah . 



C.9. GRB 100117A 



C.8. GRB091109B 

Swift/BAT triggered on G RB 091 109B at 21:4 9:03 UT (r 90 (15- 
350 keV)= 0.30 + 0.03s; lOates et al.ll2009bh . An X-ray after- 
glow was immediately d etected but no optical afterglow was 
found (lOates et al.ll2009ah . The burst was a symmetrical spike 
with no sign of extended emission dOates et al.1 20093). A 
faint, rapidly decaying afterglow was discovered with the VLT 
at coordinates RA pec.(J2000) = 07:3 0:56.61, -54:05:22.85 
dLevan et al . 2009bl lMalesaniet a l. 2009). 



The burst tri ggered Swift/BA T dde Pasquale et al.l l2010j) and 
Fermi/GBM dPacie sas 2010) at 21:06 :19 UT. It had a dura - 
tion of r 90 (15-350 keV)= 0.3 + 0.05 s dMarkwardt et al.ll2010l) . 
Swift/XRT began observing the field 80 seconds after the BAT 
trigger and found a bright X-ray afterglow which could be lo- 
calized with an uncertainty of 476 (ra dius) that could later be 
refined to 2'.'4 dSbarufatti et al.l 120101) . UVOT started observ- 
ing about 1 min later but could not find an optical counterpart 
dde Pasquale et alj |2010a b). The optical afterglow was detected 
by G emini-North 8.3 hr after the burst with tab = 25.46 + 
0.20 dLevan et a J l2010al) . The burst is in detail discussed in 
iFonget al.1 (1201 11) . 



C.10. GRB 100206 A 



The bu rst triggered Swift/BAT at 13:30:05 UT dKrimm et alJ 
2010 b]) and had a duration of T 9Q = 0.12 + 0.03 s 
(Sakamoto et al ] l20lol) . XRT started observing the field 75 s 
after the trigger and found an uncatalogued X-ray source 
(Krimmetal. 2010b), whose coordinates were later refined 
to RA, Dec. (J 2000)= 03:08:38.94 , 13:09:25.5, with an error 
radius of 3'.'2 dGoad et alJ l20T0ah . The burst was also seen 
by Fermi/GBM with a spectral peak at 439 + gp keV, assum- 
ing a Band function dvon Kienlinl I2010J). No optical coun- 
terpart was detected by Swift/UVOT dKrimm et ail 1201 Obt 
iMarshall & Krimml 20101) and other ground-base d observato 
ries dBhattacharva et al.1 120 lot iGuzivet all 1201 0t iNodaet 



2010; Lelouda setal.1120 1 Ot I Yurkov et al |20 1 Ot iMao et al.ll2oT 
lAndreev et al.l l201Qt iRumvantsev et al.l l2010l) . Evidence for a 
galaxy close to the XRT error circ le was soon report ed based 
on archival images of the field dMiller et al.l I20T0I) whose 
redshift was later determined to z-0.41 dCenko et al] 120 10a). 
Morgan 10390 found that at this redshift this galaxy is very 
bright in JH K, sugg esting that this is a luminous infrared galaxy. 
iLevan etaD (|2010c) speculated about the discovery of the faint 
optical afterglow of GRB 100206A based on WHT observa- 
tions starting 7 hr after the burst. However, no fading of this 
source was seen on Gemini images taken 7 and 11.5 hr af- 
ter the event, suggestin g that in fact this source could be the 
true G RB host galaxy dBerger et al.ll2010bt IBerger & Chornockl 
120101) . This placed a limit of i >24.7 on the brightness of the 
optica l afterglow at 15.7 hrs after the burst (Ber ger & Chornockl 
2010). The position of the XRT aftergl ow was slightly refind 
three years after the event ([Evans 201 lallbh . iPerlev et"aD (1201 lh 
dispute that another faint source very close to the z = 0.41 galaxy 
might instead be the host. 



C.11. GRB 100625 A 

Swift/BAT triggered a nd located GRB 100625A at 18:32:28 UT 
(IHolland et al.l l2010al) . The BAT light curve showed a single 
spike with a substructure and a duration of about 0.33 s. XRT 
started observing the field 48 s after the trigger and found an 
uncatalogued X-ray source, whose coordinates were later re- 
fined to RA, Dec. (J2000)= 01:03:10.98, -39:05:18.3, with an 
error radius of 1'.'8. No optical counterpart was detected by 
Swift/UVOT. The burst was also seen by Konus-Wind and Fermi. 
The Fermi/GBM light curve shows two closely spaced nar- 
row pulses with a du ration (T90) of about 0.32 s (50-300 keV; 
IHolland et al.l 1201 Obi) . Inside the XRT error circle, an object 
was reported in the optical bands by ground-based observato- 
ries dLevan & Tanvrrll20 lot IBerger et al.lkolOai iTanvir & Levanl 
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I2010h . However, the non-variation of the object and its extended 
shape pointed to it being a host galaxy candidate. The position of 
the XRT afterg low was slightly refind three years after the event 
(lEvansll2011aibh . 



aftergl ow was slightly revised two years after the event (lEvansI 
l20nlbh . 



C.12. GRB 100628 A 



Swift/BAT triggered and located GRB 10062 8 A at 08:16:40 UT 
as did INTEGRAL (iBeckmann et alj l2010t) . In the BAT win- 
dow it had a durati on of r 90 (15-350 keV)= 0.036 + 0.009 s 
dlmmleret all 1201 Oh . SwiftfXRT began observing the field 86 
seconds later and located an X-ray afterglow at coordinates 
RA, Dec.(J20 00) = 15:03:52.95 -31: 39:41.7, with an error 
radius of 5'.'2 (IStarling & Immleri l20Toh . No optical afterglow 
was found, neither by UVOT nor by ground-based observat o- 
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servations, IBerger etal.l (I2010eb noticed however the presence 
of se veral galaxies close to and inside the XRT error circle (see 
also lBergenl2010bl) . The position of the X-ray afterglow was 
later rejected when another faint X-ray source was found that 
had faded away. This source at coordinates RA, Dec.(J2000)= 
15:03:52.41, -31:39:30.2 (error radius 7") is now co nsidered as 
the most lik ely X-ray afterg low (IStarling et al.ll2010l) . Inside this 
error circle IBerger! (l2010cb reports the presence of two galax- 
ies, which however did not show any evide nce of a superposed 
optical afterglow. For one of these galaxies lCenko et ail (1201 Obi) 
measured a redshift of z=0.102. 



C.13. GRB 100702A 

The b urst triggered Swift/BAT at 01:03:47 UT dSiegel et alj 
2010a). It was a FRED-like single-pe aked burst with a duratio n 
of r 90 (15-350 keV)= 0.16 + 0.03 s dBaumgartner et al.ll2010l) . 
Swift slewed immediately to the burst and found a bright X- 
ray afterglow, which faded rapidly after an earl y plateau phase 
and was already undetec ted after the first orbit (Grupe & Siegel 
120 lOt ISiegel et alJbolObl) . No optical/NIR afterglow candidate 
was found, neither in rapid response o bservations by ROTSE - 
IIIc located at Mt. Gamsberg, Namibia dFlewelling et alJ l2010). 
nor by optical observations with th e acquisition camera of 
VLT/X-shooter dMalesani et al.ll2010h and NI R observations us- 
ing PANIC a t the Magellan/Baade telescope dFong et al.ll2010t 
IBerger et al.lfeolOd) . 



C.14. GRB 101219A 

GRB 101219 A was a short-hard bu rst localized by Swift [BAT at 
02:31:29 UT dGelbord et al.ll2010l) a nd it was also detected by 



Konus-Wind dGolenetskii et al.ll2010t) . The BAT light curve con- 
sists of a single spike with a duration of r9o(15-350 keV)=0.6 + 
0.2 s dKrimm et al.ll20l6ah . A fading X-ray afterglow was found 
60 s after the trigg er but no optical afterglow was detected 
dGelbord et all [2010). Inside the XRT error circle a faint ex- 
tended object was observed in the i and r b and with the Gemin i 
South telescope 43 min after the burst dPerlev et al.l 1201 0b . 
Furthermore, the same faint source was detected in the J band 
with the 6.5-m Magellan Baade telescope 1 .5 hrs after the trig- 
ger dChornock et al.ll2010l) . Second epoch observations showed 
no variable source inside the XRT error circle. Spectroscopic ob- 
servations performed on the host galaxy candidate with GMOS 
mounted at the Gemini-North teles cope derived a redshift of 
Z=0.718 dChornock & Bergerll20TT1) . The position of the XRT 
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